of such an optical quenching experiment. An LPE GaP:Cu sample is illuminated with radiation of
energy greater than the bandgap energy. At the same time, it is iJluminated with less than bandgap
energy photons whose energy is varied from 0.4 eV to~ 1.5 eV. Note that the quenching effect has

an edge near 0.65 eV and then stays nearly constant for higher energy photons.

In Figures 21, 25, and 29, we plotted the relative photosignal for three LPE GaP:Cu samples. For
each of these samples, the dependence initially was linear, with a transition to sublinear at higher
flux intensities. Each of these samples had relatively iow (~1600 £2) resistance. In Figure 32, we
show the photosignal photon flux intensity characteristic for a high resistance »109 ) GaP: Cu
sample. Note that the characteristic is decidedly superlinear, with a hint of linear dependence at

the highest flux intensities. The significance of this result will be discussed in Section IV.

We routinely fabricated Schottky barriers on the LPE layers in order to profile the carrier concen-

tration by C-V techniques. As we reported earlier, these diodes are photosensitive out to 5.5 ev(aa),
Figure 33 shows the relative spectral response of a Schottky barrier diode fabricated on an undoped

LPE layer. The peak quantum efficiency for one of these diodes is typically~0.5.

2. Transport Measurements

Hall and resistivity analyses were routinely made on samples from each BSG growth run which
vielded crystals large enough for this type of analysis. Most of the LPE layers were grown on heavily
doped low-resistivity substrates, and hence it was not possible to perform Hall analysis on these
samples. However, a few LPE layers were grown on compensated (Czochralski substrates and meas-
urements were made on one of these layers. All of the Hall and resistivity data were taken using the

van der Pauw technique. The samples were lapped flat and chemically polished in a hot potassium

— ferricyanide etch [0.5 mole % KOH, 1.5 mole % KgFe (CN)g]. For n-type samples, ohmic contacts
were achieved by alloying from small peripherial In:1%Te dots at 680°C. For p-type samples In:1%
Zn dots were alloyed at 420°C to form the ohmic contacts.
43 The development of Schottky barrier GaP photodetectors is currently funded by Honeywell.
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The material parameters which generally are available from Hall analysis are majority carrier

type and concentration, majority carrier activation energy and the temperature dependence of the
resistivity and majority carrier mobility. The first three of these parameters were of the most inter-
est to us in evaluationg the material from these early growth runs. Table 5 tabulates these parameters

for the BSG growth runs which were conducted during the first half of this program.

During the second half of the program, we became concerned with the carbon doping of the SSD
growths. Consequently, for those runs, we began to investigate the degree of compensation and the
low temperature scattering mechanisms which limit the mobility. In Table 6, we tabulate the Hall

data for the bulk growth runs which were conducted during the second half of the program.

One of the reasons for developing the BSG growth technique was to obtain larger, more uniform
solution-grown GaP crystals than were obtainable from the random nucleation solution growth
process. Hall data from growth run BSG-10, which, as discussed earlier, produced large single
crystals, demonstrate the uniformity of the BSG material. Two Hall samples, spaced about 0.3 cm
apart, were cut from a single wafer. The carrier concentration over T3/2 versus 103/T is plotted in
Figure 34 for each of these samples. The carrier concentrations at each temperature for these two

samples are within experimental error of being equal to each other.

In each of the Hall runs, the temperature dependence of the mobility was measured. Figures 35 and
36 are plots of the mobility as a function of temperature for two n-type BSG samples. Included are
straight lines showing respectively the T-3/2 and T-1/2 temperature dependence of acoustic phonon

and space charge scattering.

Figure 37 shows the temperature dependence of the mobility for three p-type BSG samples. The

theoretical curves for optical phonon scattering and ionized impurity scattering are included.

Because of the persistence of carbon as an acceptor impurity in the BSG and SSD growth runs, we
carefully examined the Hall data for the last several p-type growth runs. Figure 38 is a plot of
p/’l‘a/2 versus T-1 for BSG 1—4. Note that there is a rather well defined freeze-out regime, so the
activation energy is readily obtained. Figure 39 gives the temperature dependence of the Hall co-

efficient for the same four BSG growth runs. The significance of the roll-over in the Hall curve
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BSG
Growth Run
Number
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1

10
11
12
13
14
15
16
17
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TABLE 5.

TABULATION OF HALL DATA, First Half of Program

Carnier Type
I

Insufficient material for
analysis

Polycrystalline material
No growth occurred
p

Insufficient material for
analysis

p

p

n

No growth occurred

n

Insufficient material
Polycrystalline material
p

Polycrystalline material

LPE-10-63

Lot s
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Room Temperature
Carrier Concentration

1x 1017

~1.2x1010
5x 1016

7x 1017

3x 1017

9x1015

8 x 1017
29x1018
2.1 x 1017

B Principal
Donor/Acceptor
Energy (eV)

)

< 0.060

0.042

0.095

0.093

b — — —
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Figure 34. Carrier concentration divided by (t.emperature)s/2 for two samples from BSG-10.
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Figure 35. Temperature dependence of the mobility for an n-type
sample from BSG-10 (n = 3 x 1017 cm-3).
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which occurs at low temperatures will be discussed in Section IV. As shown in Figure 40 the tem-
perature dependence of the resistivity has the same general shape. As the temperature is decreased
from room temperature, the resistivity decreases. It reaches a minimum and then increases sharply
with decreasing temperature in the carrier freeze-out regime. At low temperatures the restivity
reaches a plateau and increases very slowly with decreasing temperature. This dependence is

readily interpretable and will be discussed in Section IV.

The temperature dependence of the mobility gives us the most information about the scattering
mechanisms in the material. In Figure 41, we plot the mobility as a function of temperature for
samples BSG 1 to 4. Near room temperature, all four samples have nearly the same value for the
mobility. However, at lower temperatures, the mobilities differ widely. Included in Figure 41 is a
plot of the theoretical expression for the mobility when limited by combined non-polar optical
and acoustic mode scattering. Figure 41 also shows the theoretical values for ionized impurity

limited mobility for three different values of the acceptor density.

Because most of the LPE layers were n-type layers on n-type substrates, we were not able to make
Hall measurements on these samples. A few layers, however, were grown on compensated Czochral-
ski substrates; for these samples, Hall data could be obtained. Figure 42 shows the temperature
dependence of the mobility for one of these LPE n-type layers. Note that the low-temperature
mobility is rather low. This LPE layer was grown from a Cu-doped melt. In previous experiments
with GaP:Cu, we observed that as the Cu concentration in the melt increased, the mobility de-

creased. Note that, near room temperature, the mobility for this sample also varies as T-3/2,
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Figure 42. Temperature dependence of the mobility for an LPE 10-62 n-type sample.

3. IR Spectroscopy

As discussed in the previous section, carbon has turned out to be an important impurity in GaP
for us to identify and characterize. IR spectroscopy has proven to be a useful technique in identi-
fying shallow donors and has been adapted to identify acceptors in GaP. We have a unique capabil-
ity at the Honeywell Research Center in our ability to measure IR spectra in semiconductors using
a Fourier transform spectrometer. Because of the versatility of this instrument, we have been able

to use three different phenomena to identify carbon in GaP. These rely on the measurement of:

The local mode absorption in n-type crystals.
The excitation spectrum of carbon in p-type crystals.
The extrinsic photoconductivity in p-type crystals.

In this section, the spectra which are measured in each of the three methods will be presented to

illustrate the different methods of detecting the carbon impurities. In each case, only one spectrum
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will be presented as an illustration.

a. Local Mode Absorption—A portion of the IR absorption spectrum of an n-type crystal is shown

in Figure 43 to illustrate the method used to identify carbon in n-type crystals. This is a portion of
the absorption spectrum of crystal BSG-10 taken with the sample at both 82 K and at 5 K. In the
center of the figure, the strong absorption line is due to the 1s - 2p, transition in sulfur. As can be
seen, the intensity of this line increases dramatically when the sample is cooled from 82 K to 5 K.
In fact, this line was totally absorbing at 5 K because of the thickness of the sample used in this
measurement. Similarly, the sulfur lines between 700 cm -1 and 800 em™1 were totally absorbing in
this sample. Nevertheless, the presence of the strong absorption at 577 em-1 clearly identified sulfur

as the dominant shallow donor in this crystal.
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Figure 43. Absorption coefficient as a function of wave number for BSG-10 at 82K and 5K.

An additional absorption line at 606 em-1 is observed at both 82 K and 5 K with no change in in-

tensity. The fact that its intensity did not change with temperature indicates that it is a lattice
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local mode vibrational line due to carbon on the phosphorus sites. Since the crystal is n-type, these

impurities are compensated, so would not be directly measurable in electrical measurements.

'l.i\_(ﬁaﬂ”'_‘ ﬁp('_‘-(ftil}_lﬁ» The absorption spectrum of p-type crystal, SSD-3, is shown in Figure 44.
The sample used had a room temperature carrier concentration of 6.6 x 1016 holes/cm3 and had a
freeze-out of the Hall coefficient corresponding to an activation energy of 38 meV, indicative of
carbon. Two absorption lines due to carbon are observed, a strong line at 269 em-l , but this is also
observed in n-type crystals, so it is assumed to be a lattice absorption line. The sample is opaque in
the spectral region from about 310 em-1 to 400 em1 because of the strong optical phonon absorp-
tion lines in this region (i.e., the reststrahlen region). The ordinate is expressed as an absorbance A,

which is defined at log T, where T is the transmittance of the sample.

¢. Extrinsic Photoconductivity—The photoconductive response of crystal BSG-4 in the 400 to 4000

em-l spectral interval is shown in Figure 45. From Hall measurements, this crystal was determined
to be p-type with a carrier concentration of about 3 x 1017/¢m3. Note that there is response down
to the reststrahlen band which extends from about 300 to 400 cm-1. Since the lattice will be totally
absorbing in the reststrahlen band, it is impossible to determine if the extrinsic edge lies within this
region. Also, it should be noted that the photoconductive response is oscillatory in nature, with a
period of about 400 eml. The sharp structure in the 400 to 1000 ecm-1 spectral region is not noise,
but is due to lattice absorption. The oscillations are “‘damped out” at about 3000 cm-1, but addi-

tional structure is observed at higher energies, indicating the presence of deeper impurity levels.

4. Junction Capacitance Studies

We have routinely measured the C-V characteristic of Schottky diodes formed on the sample surface
in order to determine the impurity concentration in the GaP material which we havc grown. The
spatial uniformity of the carrier concentration INa—“Ndl can be determined by fabricating an array
of Schottky barriers over the surface and measuring the bias dependence of the capacitance. The
slope of the 1/C2 versus V gives the carrier concentration. Figures 46 and 47 show respectively

the results of such a measurement on crystals from SSD-3 and LPE-17-94. The carrier concentration

is indicated for each set of data points.

A7)




CARBON — ot

0

1.5 |-
wi
Q
p=d
<<
(va)]
@
(@)
(V)
(a0
<<

1.0 |-

0.5 k=

i J& | | |
200 220 240 260 280 300 320

WAVE NUMBER (CM~1

Figure 44. Excitation spectrum of carbon acceptors in GaP in the far infrared.
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Figure 46. Inverse capacitance squared vs applied bias for five Au/GaP Schottky barriers on

p-type SSD-3.
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Due to a malfunction in the growth apparatus, a thick (~60 um) layer was grown in growth run
LPE-29. The layer was angle lapped and Schottky barriers were fabricated on the lapped surface.
The 1/C2 - V characteristic for two of these diodes, which were 15 um and 50 um from the growth
interface, are shown in Figure 48. These data show that the carrier concentration increases with

distance from the growth-interface.

During this program, two capacitive techniques were used to investigate deep levels in GaP. The
first technique, which is termed “admittance spectroscopy of impurity levels in Schottky barriers,”
has been recently described by D.L. Losec (5), In this technique, a small a-c voltage is applied to a
Schottky barrier diode. As the bias voltage is changed, the quasi-Fermi level is swept through the
various defect levels. As the Fermi level crosses the defect level, charge carriers are freed; this, in
turn, alters the charge distrubution within the depletion layer. The differential capacitance is deter-
mined by the magnitude of the charge oscillation, 6p, per voltage amplitude, 6V. So long as the
frequency of voltage oscillation is sufficiently low and the temperature sufficiently high so that

the charge can move in and out of the level, the level will contribute to the capacitance. However,
when either the frequency of the applied bias or the temperature changes so that the level cannot
respond, there will be a change in the capacitance. At intermediate temperatures, the charge, 6p,
will lag the voltage, 6V, and hence will produce a real component (i.e., conductance) to the ad-
mittance. For the situation where the frequency is fixed and the temperature is varied through the
range where the level makes the transition, the capacitive component of the admittance will change
monotonically from one value to another. Simultaneously, the conductance goes through a peak.
A peak in the conductance will occur when wry = 1, where 7y is the time constant for the kth
level. Thus, if G, the conductance, is measured as a function of temperature, at fixed frequency,

a peak will be observed each time an wTy = 1 condition is met.

\We have measured G/w as a function of temperature for several Schottky diodes formed on BSG
GaP substrates. The results of one of these experiments are shown in Figure 49. Note that, for higher

frequencies, the peak occurs at higher temperatures.
The second technique used to study defect levels in GaP is the double-source photocapacitance
method. This technique has recently been discussed by White, Dean and Porteous (6). The Schottky

5 D.L. Lossee, 4 - Appl. Phys. 46, 2204 (1975).
6 AM. White, P.J. Dean and P. Porteous, J. Appl. Phys. 47 3230 (1976).
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Figure 48. Inverse capacitance squared vs applied bias for two Au/GaP Schottky barriers on
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barriers diodes are fabricated on the GaP substrate as described above by evaporating gdld to form a
thin semitransparent contact. A constant source of priming radiation of energy greater than the
bandgap energy i1s maintained on the sample. A second, variable energy source (the probing radia-
tion) is simultaneously directed on the sample, and the diode capacitance is measured as the energy
of this source is varied. The steady level of priming radiation serves to create a steady-state popula-
tion of electrons in traps above the Fermi level and of holes in traps below the Fermi level. Above
the appropriate photon energy thresholds, the probe radiation upsets these populations by transfer
of carriers to the nearest band edge. In the depletion region, these carriers are swept away by the
field, and the charge distribution is altered with a corresponding change in the capacitance. The

capacitance can be increased or decreased depending on the nature of the trap.

Figure 50 shows the result of our measurement of change in capacitance of Schottky barriers formed
on a BSG substrate as a function of the probing radiation energy for three different measuring fre-
quencies. The dependence of the photocapacitance on the energy of the probing radiation can give

information ahout the defect levels

Figure shows the ¢ ol photocapacitance experiments on one of the Schottky diodes whose
C\ f ol Figure 18(bb) The dotted characteristic was obtained by first il-
B K with greater than band gap energy. This radiation upsets the
rrers on the energy levels within the band gap. This radiation is then
rrves ". & ui A erature, the time to thermalize all of the centers is long, and af-
ter al Vet es po i occupation of the levels changes very slowly. Then the probe radi-
ation I nute equilibration period, the energy is increased from 0.39 to
1.5 e\ o ot 15 munutes. There is a clear decrease in the capacitance near 0.5 and 0.7 eV,

The experiments resulting in the data of Figure 51 were funded by Honeywell,
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